Introduction
Amyloid b protein (Ab) is a peptide (39-43 amino acids) derived by the b-and c-secretase cleavage of amyloid precursor protein (Sisodia and Tanzi, 2007) . Ab aggregates are the primary component of senile plaques found in the brains of individuals with Alzheimer disease (AD) (Selkoe, 2004) . Overproduction of Ab causes it to accumulate, which leads to early-onset familial AD (EOFAD) (Sisodia and Tanzi, 2007) . Failure of the processes to remove Ab from the brain causes late-onset AD (LOAD) (Whitfield, 2007) . This failure might be due to diminished ability of microglial cells to clear Ab, impairment of neprilysin and insulysin Ab degrading proteases, and diminished perivascular and vascular drainage (Whitfield, 2007; Deane and Zlokovic, 2007; Huang et al., 2006; Marques et al., 2009; Nicoll et al., 2004) .
p75 Neurotrophin receptor (p75 NTR ) is expressed in basal forebrain cholinergic neurons that undergo degeneration in AD (Dechant and Barde, 2002) . The ligands for p75 NTR are nerve growth factor (NGF), brain-derived neurotrophic factor (BDNF), and neurotrophin-3 (NT-3). The p75 NTR can also bind to Ab (Yaar et al., 1997; Yaar et al., 2002; Kuner et al., 1998) , which mediates neuronal cell death (Coulson, 2006; Yaar et al., 2007; Rabizadeh et al., 1994) . Recently, we showed that binding of NGF to p75 NTR mediates neuronal cell survival (Geetha et al., 2012) . In addition, polyubiquitination of p75 NTR and interaction of tumor necrosis factor receptor-associated factor 6 (TRAF6) with p75 NTR was NGF dependent (Geetha et al., 2012) . TRAF6 functions as an ubiquitin ligase (Joazeiro and Weissman, 2000) and polyubiquitinates several substrates (Deng et al., 2000) . The ubiquitin ligase activity of TRAF6 is dependent upon its polyubiquitination and oligomerization (Wang et al., 2001; Ea et al., 2004) . p62 is found to interact with TRAF6 (Sanz et al., 2000) . p62 induces polyubiquitination and oligomerization of TRAF6, thereby enhancing the ubiquitin ligase activity of TRAF6 . The TRAF6/p62 complex ubiquitinates several substrates including ubiquitination of TrkA, leading to cell survival and differentiation (Geetha et al., 2005a) ; activation of NRIF, leading to apoptosis (Geetha et al., 2005b) ; activation of Unc-51-like kinase 1/2 to regulate filopodia extension and axon branching in sensory neurons (Zhou et al., 2007) ; and initiation of the proteasomal degradation of tau . NF-jB activation requires the phosphorylation of IjBa by the IjB kinase (IKK), which leads to nuclear translocation of NF-jB. IjBa is tyrosine phosphorylated (Bui et al., 2001 ) and degraded on NGF stimulation (Arevalo et al., 2009) blocked the phosphorylation and degradation of IjBa (Arevalo et al., 2009 ). Activation of NF-jB by NGF is predominantly mediated through the p75 NTR receptor (Mamidipudi et al., 2002) . Interaction of TRAF6 with p75 NTR enhances the NF-jB activation (Khursigara et al., 1999) . p62 functions as a scaffold for the activation of NF-jB by NGF (Wooten et al., 2001 
Cell culture
The mouse hippocampal cell line HT-22 was a generous gift from Dr. David Schubert (The Salk Institute, La Jolla, CA) (Li et al., 1997) . Cells were grown in Dulbecco's Modified Eagle's Medium (DMEM, Sigma-Aldrich, Co., St. Louis, MO) supplied with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY) as previously described (Suo et al., 2003) . Cells were incubated in a 5% CO 2 atmosphere at 37°C. HT-22 cells were transfected using Lipofectamine™ 2000 transfection reagent (Invitrogen, Carlsbad, CA). The cells were deprived of serum in culture medium overnight at 37°C before cell lysis.
Amyloid b fragment (1-40)
The amino acid sequence of Ab 1-40 is the human sequence (Asp-Ala-Glu-Phe-Arg-His-Asp-Ser-Gly-Tyr-Glu-Val-His-His-GlnLys-Leu-Val-Phe-Phe-Ala-Glu-Asp-Val-Gly-Ser-Asn-Lys-Gly-AlaIle-Ile-Gly-Leu-Met-Val-Gly-Gly-Val-Val-OH). The lyophilized peptide was initially dissolved in water (6 mg/ml). For maximal biological activity, it was further diluted with calcium-free PBS to 1 mg/ml and incubated at 37°C for 4 days before adding to the culture media at the final desired concentration.
Immunoprecipitation and Western blotting analysis
Cells were stimulated with NGF (100 ng/ml) for 10 min or with 10 or 20 lM amyloid b (1-40) for 24 h at 37°C. To detect proteinprotein interactions, the cells were lysed with Triton lysis buffer (50 mM Tris-HCl [pH 7.5], 150 mM NaCl, 10 mM NaF, 0.5% Triton X-100, 1 mM Na 3 VO 4 , 1 mM phenylmethylsulfonyl fluoride, and 2 lg/ml leupeptin and aprotinin) or SDS lysis buffer (Triton lysis buffer containing 1% SDS) to detect covalent interaction of ubiquitin and p75 NTR (Geetha et al., 2005a) . Protein concentrations were estimated using the Bradford procedure (Bio-Rad, Hercules, CA) using bovine serum albumin as a standard for all samples except for those that contained SDS where the DC assay was used (Bio-Rad, Hercules, CA). The cell lysates were incubated with 4 lg of primary antibody at 4°C for 3 h. The immunoprecipitates were collected with agarose-coupled secondary antibody for 2 h at 4°C and then were washed three times with lysis buffer. Samples were boiled in sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) sample buffer and resolved on 7.5-12% SDS-PAGE gels, transferred onto nitrocellulose membranes, and analyzed by Western blotting with the appropriate antibodies.
Measurement of NF-jB activity
HT-22 cells were transfected with TRAF6 and p62 or TRAF6DR
and ASp62, which was followed by addition of 10 lM of amyloid b (1-40) for 24 h with or without 100 ng/ml NGF for 1 h. Nuclear extracts were prepared from the cells using a nuclear extract kit (Marlingen Biosciences Inc., Ijamsville, MD), and NF-jB activity was measured in the nuclear extracts using a NF-jB transcription factor microplate assay (Marlingen Biosciences Inc. Ijamsville, MD) according to the manufacturer's protocol.
Measurement of cell viability
HT-22 cells were transfected with TRAF6 and p62 or TRAF6DR and ASp62, which was followed by serum-deprivation and addition of 10 lM of amyloid b (1-40) with or without 50 ng/ml NGF for 24 h. Cell viability was assessed by the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra zolium bromide (MTT) assay. MTT is a tetrazolium salt that is reduced by metabolically viable cells to a colored, formazan salt. The MTT assay was performed with the CellTiter96 Aqueous One Solution Cell Proliferation Assay Kit (Promega, Madison, WI) according to the manufacturer's protocol. The results are represented as percentage of surviving neurons relative to control values (untreated serum-deprived cells, 100%).
Results and discussion

Amyloid b inhibits the NGF-induced polyubiquitination of p75 NTR
We previously showed that NGF induces p75 NTR polyubiquitination and leads to neuronal cell survival (Geetha et al., 2012) . Ab is known to bind p75 NTR and induce cell death (Coulson, 2006; Yaar et al., 2007; Rabizadeh et al., 1994) ; therefore, we sought to investigate whether Ab would block the polyubiquitination of p75 (Fig. 1) . Interestingly, the p75 NTR polyubiquitination induced by NGF was prevented by Ab.
Amyloid b impairs the interaction of p75 NTR with TRAF6 and p62
NGF stimulation promotes the interaction of p75 NTR with TRAF6
and may lead to p75 NTR ubiquitination (Geetha et al., 2012 ). TRAF6
in turn binds to p62 through its TRAF6 interacting domain (Sanz et al., 2000; Wooten et al., 2001 (Fig. 2A) , which is expected when p75 NTR is polyubiquitinated. However, the interaction of p75 NTR with TRAF6 and p62 was abrogated when HT-22 cells were treated with amyloid b (1-40) alone or with NGF ( Fig. 2A) . These results corroborate the impaired p75 NTR ubiquitination caused by Ab shown in Fig. 1 .
Reciprocal immunoprecipitation with anti-TRAF6 or anti-p62 was performed and similar results were obtained as shown in Fig. 2B and C. The cell lysates were also Western blotted for the presence of p75 NTR , TRAF6 and p62 (Fig. 2D) .
3.3. p75 NTR polyubiquitination was enhanced by TRAF6/p62 overexpression TRAF6 is an E3 RING ubiquitin ligase that mediates the transfer of ubiquitin (Joazeiro and Weissman 2000) and directs synthesis of noncanonical K63-linked polyubiquitin chains (Deng et al., 2000) . TRAF6 requires p62 for both oligomerization and polyubiquitination, and thereby enhances the E3 ubiquitin ligase activity of TRAF6 (Fig. 3B , lane 5), but transfection of the cells with the TRAF6 mutant delta RING finger and ASp62 did not (Fig. 3B , lane 6). Thus, while Ab alone prevents polyubiquitination of p75 NTR , the overexpression of TRAF6 and p62 can remediate the problem.
TRAF6/p62 potentiates NGF-induced NF-jB activity
Ab has been found to induce neuronal cell death through p75 NTR (Sotthibundhu et al., 2008) . Upon stimulation with NGF, TRAF6 binds to p75 NTR and leads to NF-jB activation (Khursigara et al., 1999) . ASp62 increased p75-mediated cell death and decreased NGF-induced NF-jB activation (Wooten et al., 2001) . To determine how TRAF6/p62 contributes to the activity of NF-jB, HT-22 cells were transfected with WT-TRAF6 and p62 or with TRAF6DR and ASp62 and then treated with Ab in presence or absence of NGF. Fig. 4A shows that Ab treatment in presence or absence of NGF reduced NF-jB activity. Conversely, transfection with WT-TRAF6 and p62 followed by Ab/NGF treatment enhanced the activity of NF-jB. However, TRAF6DR and ASp62 did not support NF-jB activity (Fig. 4A) . These results indicate that the interaction of TRAF6 and p62 with p75 NTR is essential for the activity of NF-jB.
Two IjB kinases (IKK) have been identified (IKKa and IKKb) to phosphorylate IjBa (Mercurio et al., 1997; Karin, 1999; DiDonato et al., 1997; Regnier et al., 1997) . NGF leads to the activation of both IKKa and IKKb (Foehr et al., 2000) . It has been previously for 24 h at 37°C or both. Cells were lysed and ubiquitination was examined by immunoprecipitation (IP) with anti-p75 NTR followed by Western blot (WB) analysis with anti-ubiquitin (Ub) and anti-p75 NTR . shown that ASp62 impairs NGF-stimulated activation of IKKb (Wooten et al., 2001 (Fig. 4B, lane 2), whereas the Ab treatment with or without NGF blocked that interaction (Fig. 4, lane 3 and 4) . Overexpression of WT-TRAF6
and p62 restored the recruitment of IKKb with p75 NTR that was otherwise impaired by Ab (Fig. 4B , lane 5), but overexpression of TRAF6DR and ASp62 did not (Fig. 4B, lane 6) . These results demonstrate that interaction of IKKb with p75 NTR upon NGF stimulation requires TRAF6 and p62. NGF binding to p75 NTR increases the neuronal survival (Geetha et al., 2012) and Ab increases the neuronal death (Sotthibundhu et al. , 2008) . As TRAF6 and p62 are essential for NF-jB activation, we sought to determine whether TRAF6 and p62 promotes neuronal cell survival using the MTT assay. HT-22 neuronal cells are grown normally in DMEM containing 10% FBS, however deprivation of serum for 24 h induces cell death. NGF treatment protected HT-22 cells from death on serum deprivation, whereas Ab significantly increased cell death (Fig. 4C) . Overexpression of WT-TRAF6 and p62 followed by Ab/NGF treatment protected serum-starved HT-22 cells significantly from cell death, whereas TRAF6DR and ASp62 were not neuroprotective (Fig. 4C) . Taken together, these findings underscore the requirement for TRAF6 and p62 for p75 NTR -mediated NF-jB activation and survival signaling (Fig. 4) . In conclusion, the findings reported here reveal that Ab impairs (1) p75 NTR polyubiquitination, (2) the interaction of p75 NTR with TRAF6 and p62, (3) the NF-jB activity and neuronal survival otherwise induced by NGF. TRAF6 and p62 are essential for p75 NTR polyubiquitination upon NGF stimulation. Overexpression of TRAF6/ p62 restored the p75 NTR polyubiquitination upon Ab/NGF treatment. p75 NTR activates NF-jB by recruiting TRAF6/p62 to mediate cell survival (Mamidipudi et al., 2002) . Ab reduced the NF-jB activity by blocking the interaction of p75 NTR and IKKb, but overexpression of WT-TRAF6 and p62 followed by Ab/NGF treatment increased the NF-jB activity and neuronal survival. These findings suggest that TRAF6/p62 possesses the unique ability to reverse Ab mediated inhibition of p75 NTR polyubiquitination, NF-jB activity and neuronal survival.
